Delicatessen meats are reported to be the leading vehicle of foodborne listeriosis in the United States. Listeria monocytogenes can reach high numbers in these products during storage, and the growth rate is largely dictated by product formulation and storage temperature. To assess the impact of product age on Listeria growth, five commercial brands each of cured and uncured turkey breast, ham, and roast beef (three lots per brand) were sliced (approximately 25 g per slice) at the beginning of the shelf life, the midpoint, and the last allowable day of sale, surface inoculated with an eight-strain cocktail of L. monocytogenes (approximately 40 CFU/g), and then quantitatively examined for Listeria, lactic acid bacteria, and mesophilic aerobic bacteria during aerobic storage at 4, 7, or 10uC. As expected, L. monocytogenes grew faster in deli meats without rather than with Listeria inhibitors (lactate and/or diacetate) and at the highest storage temperature (10uC). Lag-phase durations for L. monocytogenes in deli meats with and without Listeria inhibitors were 9.21, 6.96, and 5.00 and 6.35, 3.30, and 2.19 days at 4, 7, and 10uC, respectively. Generation times for L. monocytogenes in deli meats with and without Listeria inhibitors were 1.59, 1.53, and 0.85 and 0.94, 0.50, and 0.36 at 4, 7, and 10uC, respectively. Maximum population densities for L. monocytogenes in deli meats with and without Listeria inhibitors were 5. 26, 5.92, and 5.97 and 8.47, 8.96 and 9.34 log CFU/g at 4, 7, and 10uC, respectively. Although lactate and diacetate suppressed L. monocytogenes growth, the extent of inhibition differed, ranging from total inhibition in roast beef to only partial inhibition in ham and cured turkey. Listeria growth was also impacted by lot-to-lot variation in the concentrations of Listeria inhibitors, product pH, and background microflora. These data will be useful for developing recommendations for ''best consumed by'' dating for deli meats using a risk-based approach.
Listeriosis, a foodborne infection caused by Listeria monocytogenes, remains an ongoing concern due to the potentially serious clinical outcomes, which can include meningitis, abortion, and perinatal septicemia. In the 2003 risk assessment produced by the U.S. Food and Drug Administration in cooperation with the U.S. Department of Agriculture Food Safety and Inspection Service (USDA FSIS) (50) , delicatessen meats were identified as possessing the highest risk among the 23 categories of ready-to-eat (RTE) foods examined. Delicatessen meats also have been implicated in several high profile listeriosis outbreaks (7-9, 18, 34) . In response, the USDA FSIS issued three alternatives for control of L. monocytogenes in RTE meats; postpackaging pasteurization and inclusion of Listeria growth inhibitors in the product formulation were the two most useful means for reducing the public health risk associated with L. monocytogenes (49) . Among the various Listeria inhibitors, lactate and diacetate are effective in RTE poultry and meat products at maximum allowable levels of 4.8 and 0.25% (wt/wt), respectively (48, 49) , and inhibitory activity increases when these two additives are used in combination (2, 16, 29, 31, 40, 44, 45, 47) .
The ability of L. monocytogenes to grow in deli meats, including cured and uncured turkey, ham, bologna, corned beef, roast beef, and salami, varies based on product formulation, storage temperature, and the presence of native microflora (3, 5, 15, 20, 25, 26) . In the 2003 risk assessment, a single exponential growth rate was used for all RTE meats (50); however, compositional differences between these products greatly affect Listeria growth and survival (5, 15) . Risk profiles for L. monocytogenes in RTE meats (13, 24) identified the need for additional growth data for Listeria in a wider range of RTE meats and times and temperatures during retail and consumer storage to make better informed risk management decisions. Most published studies have examined the survival and growth of L. monocytogenes or the efficacy of various antilisterial hurdles during vacuumpackaged storage of RTE meats (2, 31, 40, 44, 45, 47) , but data on the behavior of the pathogen under home storage conditions are limited. The potential for Listeria growth in deli meats of different compositions during retail display, transit to the home, and extended storage has raised ongoing safety concerns regarding the risk that these products pose to consumers at the time of consumption (10, 11, 21, 32, 54).
Deli meats. Growth of L. monocytogenes was assessed in five retail brands each of cured turkey, uncured turkey, ham, and roast beef. These products were selected based on the presence or absence of nitrite as a curing agent and of lactate and diacetate, two Listeria growth inhibitors approved for controlling Listeria in deli meats (48, 49) . Three whole chubs of cured turkey, uncured turkey, ham, or roast beef from the same lot number were purchased from local supermarkets in Lansing, MI, on the day of delivery. To assess the impact of product shelf life on Listeria growth, one chub was immediately inoculated with the eight-strain cocktail, and the remaining two chubs were stored at 4uC for inoculation at the midpoint of the shelf life and the last allowable sale date as stated on the wrapper. The time intervals between the day of delivery and last allowable date of sale for each deli meat type and/or brand were approximately 1 month (two brands) and 2 months (three brands) for uncured turkey, 2 to 2.5 months for cured turkey (all five brands), 1.5 to 3.5 months for ham, and 0.5 month (two brands) to 1 month (three brands) for roast beef. All experiments were conducted in triplicate with three different lot numbers of the same product from the same manufacturer. A total of 180 chubs of deli meat were evaluated during the study (5 brands | 4 types of deli meat | 3 inoculation times | 3 replications).
Deli meat inoculation. The outer wrapper of the packaged chub was disinfected with 70% ethanol. After slitting the package with a flame-sterilized knife, a 250-g portion was cut from one end of the chub, placed in a Whirl-Pak bag (Nasco, Modesto, CA), and frozen at 220uC for acetate, lactate, and pH analyses. The cut face of the chub was then sliced with a mechanical delicatessen slicer (Omcan 9-in. [23-cm] meat slicer, model 220F, Food Machinery of America Inc., Niagara Falls, NY) to obtain 70 to 80 slices weighing 25 ¡ 1 g each. Individual slices were then spot inoculated on one side with 100 ml of the diluted eight-strain L. monocytogenes cocktail to obtain approximately 40 CFU/g. After 20 min to allow the inoculum to absorb into the product, each inoculated slice was aseptically transferred to a separate sterile Whirl-Pak bag. Twenty-two slices from each product lot were stored at 4, 7, and 10uC; uninoculated slices of the same product were used as negative controls for quantification of lactic acid and mesophilic aerobic bacteria.
Measurement of pH. Ten-gram deli meat samples were transferred to a Whirl-Pak bag containing 90 ml of sterile distilled water and homogenized for 2 min (Stomacher 400 Circulator, Seward, Worthington, UK), and the pH was measured with a standard combination electrode (HI 221, Hanna Instruments, Inc., Woonsocket, RI).
Microbiological analysis. Duplicate 25-g deli meat slices stored at 4, 7, and 10uC were analyzed at 3-, 2-, and 1-day intervals up to days 33, 22, and 11, respectively. All samples were diluted 1:10 in PBS and homogenized by stomaching for 2 min in the Stomacher 400 at high speed. Appropriate serial dilutions in PBS were then plated on modified Oxford agar (Difco, BD), Trypticase soy agar supplemented with 0.6% yeast extract (Difco, BD), and lactobacilli de Man Rogosa Sharpe agar (Difco, BD) to enumerate L. monocytogenes, mesophilic aerobic bacteria (MAB), and presumptive lactic acid bacteria, respectively, after incubation for 48 h at 35uC, 48 h at 30uC, and 72 h at 30uC, respectively.
Lactate and diacetate concentrations in deli meat. Frozen samples from each lot of deli meat containing lactate and/or diacetate as stated on the packaging label were shipped overnight in an ice chest to Dr. Ann Draughon (University of Tennessee, Knoxville). After thawing, 50-g samples were added to 450 ml of deionized water, homogenized in a mechanical blender for 2 min, filtered through no. 113 filter paper (Whatman, Piscataway, NJ), extracted in 100 ml of 0.5 N perchloric acid, and filtered through Whatman no. 4 filter paper and then through a 0.45-mm-pore-size syringe filter (Millipore, Billerica, MA). Standard lactic acid and acetic acid solutions were prepared by dissolving reagent lactic acid (Sigma Chemical Co., St. Louis, MO) and acetic acid (Acros Organics, Morris Plains, NJ) in double-deionized water. A highperformance liquid chromatography system (Dionex Corp., Sunnyvale, CA) consisting of a GP50 gradient pump, PDA-100 photodiode array detector, AS50 auto-sampler, and PeakNet software was used. All separations were carried out on an Aminex HPX-87H ion exclusion column (Bio-Rad Laboratories, Richmond, CA) with a cation H z Microguard cartridge (Bio-Rad). The mobile phase consisted of 0.005 M H 2 SO 4 at a flow rate of 0.6 ml/ min. Filtered samples (20 ml) were injected with an autoinjector. The analytes were detected with a UV detector at 210 nm and then quantified based on the external lactate and acetate standards.
Growth parameters for L. monocytogenes. L. monocytogenes populations in deli meat were fitted using the modified Gompertz equation (53, 55) to obtain the lag-phase duration (LPD), growth rate (generation time, GT), and maximum population density (MPD) at 4, 7, and 10uC using the following formula:
where y(t) is the L. monocytogenes population (log CFU per gram) at time t (days), y 0 is the initial population (log CFU per gram), y max is the maximum population (log CFU per gram), lag is the lag phase (days), and m is the maximum growth rate (per day). The Statistical Analysis Systems NLIN procedure (2009, SAS Institute, Cary, NC) for a nonlinear least squares regression was used to obtain the Gompertz parameters. GT was calculated from m as described by the following equation:
The LPD, GT, and initial L. monocytogenes population were combined to calculate the time in days needed to reach L. monocytogenes populations of 100 and 1,000 CFU/g (TTR 100 , TTR 1,000 ) using the following equations: TTR 100~L PDz 2{y 0 ð Þ : log 2 10 : GT ð3Þ
Statistical analysis. The mean values obtained for LPD, MPD, and GT using nonlinear regression were analyzed for significant differences at P , 0.05 using the GLM procedure (SAS Institute).
RESULTS
Deli meat pH and antimicrobial concentrations. Uncured turkey, cured turkey, and ham had a similar pH of approximately 6.40, whereas roast beef had a pH close to Table 2 . Mean concentrations of lactic and acetic acids ranged from 11 to 12 and 0.6 to 1.1 mg/g respectively, which were below the maximum allowable levels of 48 and 2.5% (mg/g). In many cases, inconsistent concentrations of antimicrobials were found between production lots of the same brand, especially for acetic acid; the acetate levels in brand G cured turkey ranging from 0.32 to 1.12 mg/g (mean, 0.62 mg/g). These variations in antimicrobial concentration may account for the variable growth of L. monocytogenes and background microflora in different lots of the same product.
Growth characteristics for L. monocytogenes in uncured turkey. Growth of L. monocytogenes in each brand of deli meat was unaffected by product age. Therefore, the growth data for products inoculated at delivery, the midpoint of the shelf life, and the last allowable day of sale were combined to calculate the LPD, GT, and MPD. The growth curves for L. monocytogenes in uncured turkey during storage at 4uC are shown in Figure 1A . Similar L. monocytogenes growth curves were obtained for each brand during storage at 7 and 10uC. The LPD for L. monocytogenes in different uncured turkey products ranged from 4.00 to 4.93, 1.62 to 3.42, and 1.31 to 1.88 days in product stored at 4, 7, and 10uC, respectively, with GTs at 4, 7, and 10uC ranging from 0.75 to 0.91, 0.32 to 0.53, and 0.29 to 0.32 days, respectively. During storage at 4 to 10uC, L. monocytogenes reached MPDs of 8.42 to 10.29 log CFU/g (Table 3 ). Although LPD and GT were affected by storage temperature with significantly longer (P , 0.05) LPDs and GTs at 4uC than at 10uC, similar MPDs were eventually obtained at all three storage temperatures. At 4uC, similar LPDs, GTs, and MPDs were obtained for L. monocytogenes in the five brands of uncured turkey, none of which contained inhibitors. Although some variations in LPDs, GTs, and MPDs were seen when these same products were stored at 7 and 10uC, these differences were generally not significant (Table 3) . Growth characteristics for L. monocytogenes in cured turkey. The growth curves for L. monocytogenes in cured turkey stored at 4uC are shown in Figure 1B . Similar growth characteristics for each brand were noted for L. monocytogenes during storage at 7 and 10uC. However, differences in growth trends were found, ranging from minimal growth in brand G to some growth in brands H and F, all of which contained acetate. L. monocytogenes attained the highest populations in brands I and J, which were formulated without Listeria growth inhibitors. Significantly longer GTs (P , 0.05) and significantly lower MPDs (P , 0.05) were found at all three storage temperatures for those brands containing Listeria growth inhibitors. Although no significant differences in LPDs were evident among brands, products with antimicrobials had longer L. monocytogenes lag times than did those without inhibitors (Table 4) .
Growth characteristics for L. monocytogenes in ham. The growth curves for L. monocytogenes in ham stored at 4uC are shown in Figure 1C . Similar L.
monocytogenes growth characteristics were seen in ham and cured turkey. The presence of lactate and diacetate significantly extended (P , 0.05) the LPDs and GTs and decreased the MPD for L. monocytogenes. At 4, 7, and 10uC, LPDs for L. monocytogenes were 11.13, 8.83, and 5.91 days in brand N containing Listeria growth inhibitors and 5.96, 1.85, and 1.80 days in brand K without inhibitors, respectively. MPDs reached 9 to 10 and 4 to 6 log CFU/g in the absence and presence of Listeria growth inhibitors, respectively (Table 5) .
Growth characteristics for L. monocytogenes in roast beef. The growth curves for L. monocytogenes in roast beef during storage at 4uC are shown in Figure 1D . Similar growth curves for each brand were observed for L. monocytogenes during storage at 7 and 10uC. Less L. monocytogenes growth was seen in roast beef than in uncured turkey, cured turkey, and ham. L. monocytogenes populations declined in brand Q, and the pathogen grew poorly in brand T; both of these brands contained Listeria growth inhibitors. Significantly shorter LPDs and GTs (P , 0.05) were seen in brands Q, R, and S, which were formulated without Listeria growth inhibitors, and these same brands also had significantly higher MPDs (P , 0.05) ( Table 6 ).
MAB and lactic acid bacteria. Populations of MAB obtained from intact chubs of deli meat sampled on the day of delivery and after storing at 4uC until the midpoint and last allowable day of sale are shown in Figure 2 . MAB increased in some brands of uncured turkey, cured turkey, ham, and in most brands of roast beef during vacuum-packaged storage at 4uC. Most MAB counts were highest at the last allowable day of sale compared with the midpoint and first day of sale (Fig. 2) . MAB populations in these deli meats during aerobic storage at 4uC are shown in Figure 3 . Similar MAB growth characteristics were observed during storage at 7 and 10uC. Populations of lactic acid bacteria were variable (data not shown), even within samples from the same lot, suggesting that contamination was nonhomogeneous. At any given time point, populations of MAB and presumptive lactic acid bacteria (data not shown) in vacuum-packed and aerobically packaged samples differed, suggesting that some spoilage microflora may not produce acid and therefore may not decrease the product pH. Lactate and diacetate salts were variably effective for controlling MAB, which were a major portion of the background microflora.
DISCUSSION
Although the deli meat category includes a wide range of products, four major types were selected for this study: uncured turkey, cured turkey, ham, and roast beef. These four products, which are the most popular deli meats in the United States, represent a range of formulations, and higher pH products (e.g., uncured turkey, cured turkey, and ham at pH 6.2 to 6.4) allow more rapid growth than do those products with a lower pH (e.g., roast beef at pH 5.4 to 6.0) (5, 15) . In this study, the pH of uncured turkey, cured turkey, and ham was close to 6.40, whereas that of roast beef was less than 6.00. The initial pH values for deli meats with and without growth inhibitors were similar.
Delicatessen meats were inoculated on the day of delivery, at the midpoint of the shelf life, and on the last allowable day of sale to evaluate the influence of background microflora on the growth of L. monocytogenes. In earlier work, background microflora inhibited growth of L. monocytogenes (1, 4, 14, 20, 41, 51) , as also found in the present study. Although Listeria growth inhibitors were not present in roast beef of brands P, R, and S, slower L. monocytogenes growth rates were seen in roast beef than in uncured turkey, cured turkey, and ham manufactured without preservatives. Decreased growth of L. monocytogenes in roast beef could be the result of the higher populations of native microflora and lower pH. In previous FIGURE 2. Populations (log CFU per gram) of mesophilic aerobic bacteria (MAB) on five brands of intact chubs of uncured turkey, cured turkey, ham, and roast beef (average of three lots per brand). Vacuum-packaged meats were stored at 4uC, and measurements were taken on the date of delivery, the midpoint of shelf life, and the last allowable day of sale. studies, lactate and/or diacetate effectively inhibited L. monocytogenes growth in RTE foods (2, 16, 29, 31, 38, 40, 44, 45, 47) , and our results agree with those of these earlier reports. However, we found considerable variation when different production lots of the same product were analyzed for concentrations of lactate and/or diacetate. For example, the concentration of acetate in brand G cured turkey ranged from 0.32 to 1.12 mg/g, with an average of 0.62 mg/g ( Table 2 ). This variation may explain the differences in L. monocytogenes growth rates in different lots of the same brand of deli meat. Other researchers have found that these antimicrobials impact the growth of both L. monocytogenes and the background microflora (25, 35, 41) . In the present study, lactate and diacetate were less inhibitory for the background microflora than for L. monocytogenes.
Regardless of the type of deli meat, an increase in storage temperature decreased GT and LPD as expected (Tables 3 through 6 ). Regardless of storage temperature, LPDs and GTs were also significantly longer (P , 0.05) and MPDs were significantly lower (P , 0.05) in deli meats with growth inhibitors, indicating that lactate and diacetate effectively limited the growth of L. monocytogenes (Fig. 4) . However, the extent of inhibition differed among the different types of deli meat (Table 7) . Although L. monocytogenes declined in roast beef with growth inhibitors, L. monocytogenes grew in ham and cured turkey (Table 5 ). Many factors including the concentration of antimicrobials, storage temperature, product pH, and initial levels/types of background microflora affect the growth characteristics of L. monocytogenes. The lower pH values and higher populations of native microflora were likely at least partially responsible for decreased growth of Listeria in roast beef.
Cross-contamination of RTE foods with L. monocytogenes may occur both at the production and retail levels (27) . In a large-scale survey of RTE foods collected from retail markets in the United States, Gombas et al. (17) found that in-store-packaged deli meats were more likely to harbor L. monocytogenes than were manufacturer-packaged products. Based on more recent retail contamination rates (12, 38) and consumer behavior data for deli meats (6, 37) , approximately 83% of those listeriosis cases and deaths attributed to deli meats were associated with products sliced at retail, where the potential for slicers and other utensils to serve as vehicles for transfer of L. monocytogenes has been well established (19, 22, 23, 28, 37, 42, 43, 52) .
Various studies have been conducted to evaluate the fate of L. monocytogenes during vacuum-packaged storage of RTE foods, but data on the behavior of this pathogen in opened packages during home refrigerated storage conditions are limited (25, 36) . Risk assessment data indicate that the incidence of listeriosis can be best reduced by minimizing contamination and growth of L. monocytogenes in deli meats (11, 33) . In this study, we simulated home use of retail-sliced deli meats to assess the levels of L. monocytogenes to which consumers could be exposed. Two and 5 days were needed for L. monocytogenes to reach 100 CFU/g in uncured turkey (without lactate and/or acetate) when stored at 10 and 4uC, respectively ( Table 7) . The risks surrounding products formulated with lactate and diacetate are lower; however, L. monocytogenes still can grow in these products, particularly under conditions of temperature abuse. In cured turkey containing Listeria inhibitors, 3 to 4 days of storage at 7 to 10uC were required for L. monocytogenes to reach 100 CFU/g compared with 8 days when stored at 4uC.
In this study, L. monocytogenes growth in retail deli meats varied based on the presence of Listeria growth inhibitors, storage temperature, and product type. Diacetate and lactate increased the GTs and lowered the MPDs of L. monocytogenes. However, the antimicrobial compounds used, depending on the specific inhibitor(s) and their concentration(s), may be insufficient to completely inhibit L. monocytogenes growth (46) . For example, growth of L. monocytogenes was completely suppressed in one roast beef product (brand Q) that contained both sodium diacetate and potassium lactate (Table 6 ), whereas L. monocytogenes populations increased in cured turkey, ham, and another brand of roast beef containing either diacetate or diacetate plus lactate. As confirmed by Marklinder et al (30) , L. monocytogenes growth in beef bologna was delayed during aerobic storage at 5uC when either 2.5% sodium lactate or 0.2% sodium diacetate was added and was completely inhibited when 2.5% sodium lactate and 0.2% sodium diacetate were used in combination. According to Lianou et al. (26) , L. monocytogenes populations on uncured turkey containing 0.05% sodium diacetate and 1.5% potassium lactate increased from 1.6 to 1.7, to 3.2 to 3.5 log CFU/cm 2 after 12 days of aerobic storage at 7uC. Although significantly lower populations and longer generation times (P , 0.05) were observed in deli meats containing growth inhibitors compared with antimicrobial-free products, in most cases L. monocytogenes growth was not completely inhibited. Therefore, consumer exposure to potentially hazardous levels of Listeria may not be completely avoided under home storage conditions. The National Advisory Committee on Microbiological Criteria for Foods (32) has acknowledged this fact by suggesting safety-based date labeling for the control of L. monocytogenes in refrigerated RTE products and has stated that use of a safety-based date label for products that support rapid growth of L. monocytogenes may have a positive impact on public health. Given the extent of L. monocytogenes growth observed in the present study, deli meats without antimicrobials may become potentially hazardous within 5 to 7 days of storage at 4uC and within 2 to 4 days at more abusive temperatures, indicating that the development of safety oriented ''consume by'' dates by deli meat manufacturers should be considered when no antimicrobial agents are added. Given the partial inhibition of L. monocytogenes in some deli meats containing preservatives, reliance on these antimicrobial agents to suppress L. monocytogenes growth is not without some risk. Repeated opening and closing of the package by consumers during refrigerated storage can also introduce Listeria into the product, thereby increasing exposure to levels able to cause infection (25, 26, 54) . In one consumer-based study, the majority of participants in Sweden reportedly stored opened packages of ham for 3 to 7 days, with a few individuals storing the product for as long as 2 weeks (30). However, because the infectious dose for L. monocytogenes is strongly associated with strain virulence and host susceptibility (35) , relatively low doses can still cause listeriosis in high-risk populations (11, 27, 39) . Because consumers are typically unaware of the presence of Listeria growth inhibitors, safetybased date labels should be devised based on worst-case scenarios for growth to levels of no more than 1,000 CFU/g. Overall, the growth characteristics for L. monocytogenes in the deli meats examined during simulated home storage (aerobic storage at 4 to 10uC) depended on the presence of antimicrobials in the formulation, the type of deli meat, the level of background bacteria, and the storage temperature. In general, L. monocytogenes grew faster in deli meats without Listeria inhibitors (lactate and/or diacetate) than in those with inhibitors, with the growth rates independent of product age but dependent on the type of deli meat and the level of background bacteria. Based on these findings, a ''best consumed by'' date of no more than 5 days after purchase may be advisable for deli meats prepared without Listeria growth inhibitors. 
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